rugada syndrome (BS), a distinct subtype of idiopathic ventricular fibrillation (VF), is characterized by a distinctive ST segment elevation in the right precordial leads. [1] [2] [3] The mechanism responsible for this ST segment elevation and genesis of VF is still under investigation. Several possible mechanisms have been proposed for the ST segment elevation in BS. Among them are conduction delay, accentuation of the action potential notch and loss of the action potential dome in the right ventricular outflow epicardium. 3, 4 In BS, unlike other diseases, VF and sudden death mainly occur in the resting state, predominantly during sleep. 5, 6 The typical ECG changes are variable over time and are modulated by exercise or pharmacological interventions that interact with autonomic nervous activities. 5, [7] [8] [9] We recently reported an inadequate prolongation of the QT interval (short QT interval) at longer RR intervals 10 and an augmentation of the ST elevation through vagal activity in patients with BS. 11 The nighttime onset of VF episodes may be related to both a shorter QT interval and an enhanced ST elevation during bradycardia at night. This could be because of a slow recovery from the inactivation of prominent Ito. 12 However, it is still unclear how the RR intervals affect the ECG changes in BS and whether rate dependent changes in the ECG would be different between symptomatic and asymptomatic patients. The present study was therefore designed to examine the effects of the RR intervals on ECG changes during an electrophysiologic study (EPS) in both symptomatic and asymptomatic patients.
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Methods

Study Population
Twenty-one consecutive male patients with BS were studied: 9 were symptomatic with either documented VF or episodes of unexplained syncope, and the other 12 were asymptomatic without either spontaneous VF or inducible VF during the EPS. The study protocol was approved by the institutional review board and written informed consent was given by all patients before participation. We diagnosed BS in accordance with recently established ECG criteria. 3 Patients with coved-type ST elevation accompanied by Jwave amplitude ≥2 mm in one of the leads V1-3 were included. 3 For patients with saddle-back-type ST elevation (type 2 or 3), coved-type ST elevation ≥2 mm induced by pilsicainide, a class Ic antiarrhythmic drug, was required. 3 In all patients, physical examination, chest X-ray, 2-dimensional-echocardiography, exercise test and thallium or 99m Tc-tetrofosmin myocardial single photon emission computed tomography failed to disclose apparent evidence of organic heart disease. Patients with diabetes mellitus, long QT syndrome or electrolyte abnormality and patients taking any drugs were excluded from the present study.
an interelectrode spacing of 5 mm (Biosense Webster, Inc, Diamond Bar, CA, USA) was advanced into the right atrium via the right femoral vein and another steerable 6F octapolar catheter (Biosense Webster, Inc, Diamond Bar, CA, USA) was positioned at the His-bundle region. Both standard 12-lead ECG and endocardial bipolar electrograms were recorded simultaneously with a filter bandwidth of 30-500 Hz and stored digitally on a Cardiolab System (Prucka Engineering, Inc, Sugar Land, TX, USA). Programmed right atrial stimulation was performed with Rate-dependent changes in the ECG during electrophysiologic study in a representative patient of the symptomatic group (patient 2 in Table 1 ). Along with an increase in the RR interval from 500 to 1,240 ms during and after atrial extrastimulation, the ST elevation in V2 was gradually augmented. In contrast, the increase in the QT interval was relatively small in both leads (V2: from 330 to 360 ms; V5: from 320 to 340 ms). S, stimulation.
Circulation Journal Vol.70, July 2006
rectangular pulses of 1 ms duration at twice the diastolic threshold at basic pacing cycle lengths of 750, 600, 500 and 400 ms. Each 12-lead ECG recording was printed out at a paper speed of 50 mm/s. We measured the ECG variables at each basic cycle length or following single extrastimulation. Each ECG variable was also measured at sinus cycle lengths of approximately 1,000 ms (984±36 ms in the symptomatic group and 997±39 ms in the asymptomatic group) and 1,100 ms (1,098±27 ms in the symptomatic group and 1,113±31 ms in the asymptomatic group). The mean value of 3 beats was calculated to represent ECG variables in each patient. We measured ST segment levels at 40 ms after the J point 11 in V2, the width of the S wave in V1 and the QRS duration in V5 and QT interval in both V2 and V5. The QT interval was defined as the time interval between the QRS onset and the endpoint of the T-wave as the intersection of the steepest slope of descending or ascending T wave and the isoelectric line. Two independent experienced observers who were unaware of the clinical information of the patients performed the measurements. When the measured values were not identical, the mean value of the 2 measurements was determined. After right atrial stimulation, programmed extrastimulation was performed from the right ventricular apex and the outflow tract using up to double extrastimuli at basic pacing cycle lengths of 600 ms and 400 ms. The endpoint of the EPS was either the induction of VF or the completion of the protocol with the shortest coupling interval of extrastimuli being set at 180 ms.
Statistical Analysis
The values are presented as mean ± standard deviation. The non-parametric Mann-Whitney's U test was used for a statistical comparison between the 2 groups. Serial changes in ECG variables were analyzed by ANOVA for repeated measures. Multiple comparisons were made using a Bonferroni/Dunn test. Linear regression analysis was used to evaluate the correlation between rate dependent changes in ST and those in QT interval in V2. A p value <0.05 was taken as significant.
Results
Patient Characteristics
The clinical and electrophysiological characteristics of both the symptomatic and the asymptomatic groups are summarized in Table 1 . There was no significant difference in mean age between the 2 groups. In the symptomatic group, 6 patients had episodes of documented VF and 3 of unexplained syncope. Two symptomatic patients and 1 asymptomatic patient had family histories of sudden cardiac death. According to the recently established ECG Fig 2. Changes in the ST elevation in V2 along with an increase in the RR interval from 400 to 1,100 ms in both the symptomatic and the asymptomatic groups. Rate-dependent changes in the ST elevation were not significantly different between the 2 groups. † p<0.005, ‡ p< 0.001 vs 1,100 ms. Data are mean ± standard deviation. QT-RR slopes were smaller in the symptomatic group compared with the asymptomatic group. QT at an RR interval of 1,000 or 1,100 ms was shorter in the symptomatic group than in the asymptomatic group. *p<0.05. Data are mean ± standard deviation.
criteria, type 1 ST elevation in leads V1-3 was found in 5 symptomatic and 5 asymptomatic patients under baseline conditions without any drugs. After pilsicainide infusion (1 mg/kg over a 10-min period), type 1 ST elevation was found in all tested symptomatic patients and all but 2 asymptomatic patients. In the symptomatic group, an implantable cardioverter defibrillator was implanted in all patients but 1, who refused.
Rate-Dependent Changes in ST Elevation
Representative rate dependent changes in the ECG of a patient in the symptomatic group (patient 2) are shown in Fig 1. Rate-dependent changes in the ST elevation in V2 are summarized in Fig 2. Following progressive increases in the RR interval, the ST elevation gradually increased in both groups. There was no significant difference in the ST level at the same RR intervals between the 2 groups. Changes in ST elevation in V2, along with a prolongation of RR interval from 400 ms to 1,100 ms, were not significantly different between the symptomatic group (1.2±0.8 mm) and the asymptomatic group (1.0±0.4 mm).
Rate-Dependent Changes in S Width and QRS Duration
According to the increase in RR intervals, the width of the S wave decreased slightly and QRS duration decreased significantly in both groups. There was no significant difference in either variable at the same RR interval between the 2 groups. The changes in S width in V1 and QRS duration in V5, along with an increase in RR interval from 400 ms to 1,100 ms, were not significantly different between the symptomatic group (8±5 ms and 11±5 ms, respectively) and the asymptomatic group (8±8 ms and 10±6 ms, respectively).
Rate-Dependent Changes in QT Interval
Rate-dependent changes in the QT interval in both V2 and V5 are shown in Fig 3. Following an increase in the RR interval, the QT interval in both leads increased in both groups; however, the bradycardia-dependent prolongation of the QT interval was smaller in the symptomatic group than in the asymptomatic group. Changes in the QT interval in both V2 and V5, along with an increase in RR interval from 400 ms to 1,100 ms, were significantly smaller in the symptomatic group (25±9 ms and 35±15 ms, respectively) than in the asymptomatic group (46±18 ms and 54±15 ms, respectively) (Fig 4) .
Relation Between Rate-Dependent Changes in ST Elevation and QT Interval
Changes in the ST level in lead V2, along with an increase in RR interval from 400 ms to 1,100 ms (∆ST), were inversely correlated with those in the QT interval in lead V2 (∆QT); however, the correlation did not reach statistical significance (Fig 5) .
Discussion
Major Findings
The 2 major findings of the present study are: (1) following an increase in the RR interval, the ST level in V2 increased in both the symptomatic and asymptomatic groups; however, the bradycardia-dependent increase in ST level was not different between the 2 groups; and (2) bradycardia-dependent prolongation of the QT interval in leads V2 and V5 was significantly smaller in the symptomatic group than in the asymptomatic group.
Rate-Dependent Changes in ST Elevation
Although the mechanism responsible for ST-segment elevation in BS remains unclear, a relationship between ST- 
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segment elevation and the occurrence of ventricular arrhythmias, including premature ventricular complexes or VF, has been reported by many investigators. [7] [8] [9] 13, 14 Several studies have demonstrated that the ECG in patients with BS changes dynamically. 8, 9, 11, 13 The configuration and degree of ST-segment elevation in the precordial leads change from day to day. A circadian variation of fluctuation in ST elevation was also demonstrated 8, 11 and ST elevation always became prominent just before VF episodes. 8 We recently reported a dynamic, circadian change in ST elevation during daily life of BS patients by means of a unipolar lead Holter ECG. 11 In that study, an increase in vagal activity occurred together with a spontaneous augmentation of ST elevation. 11 Other clinical studies also suggest that an increase in vagal activity and a withdrawal of sympathetic activity might play an important role in the ST elevation and arrhythmogenesis in BS. 5, 7, 14, 15 Experimental studies suggest that a transient outward current (Ito)-mediated action potential notch and loss of the action potential dome at the epicardium, but not at the endocardium, creates a transmural voltage gradient that might be responsible for the ST-segment elevation of BS. 2, 4 Acetylcholine facilitates loss of the action potential dome by suppressing ICa and/or augmenting the potassium current, leading to accentuation of ST-segment elevation. 2, 4 During the night, the augmentation of ST elevation, along with an increase in vagal tone, could be explained, at least in part, by prolongation of the RR interval. 2, 9, 11, 12, 14, 16 It has been noted that the amplitude of the J wave or the ST segment in the right precordial leads is dependent on the preceding RR interval and is augmented following longer RR intervals. 9, 14 An augmentation of the J wave following a long pause after a PVC is suggested to be caused by bradycardia-dependent intraventricular block. 14 Recent experimental studies have also demonstrated a rate dependence of both the J-wave amplitude and ST-segment elevation. 2, 4 These phenomena could be caused by a slow recovery from the inactivation of prominent Ito. 12 The close relationship between the preceding RR interval and ST-segment elevation shown in the present study supports the hypothesis that ST elevation is dependent on the presence of a prominent Ito in the epicardium. 2, 4 In this hypothesis, VF may be initiated by a phase 2 re-entry mechanism, because it occurs at the peak manifestation of ST elevation. However, rate-dependent changes in the ST level were not different between the symptomatic and the asymptomatic groups in the present study. Therefore, other factors are involved in the arrhythmogenesis of BS.
Rate-Dependent Changes in S Wave and QRS Duration
The pathogenesis of the ECG manifestation and the mechanism of VF in BS could be repolarization abnormality. 2, 4, [17] [18] [19] In contrast, evidence of a depolarization abnormality, especially delayed conduction in the right ventricle, has been presented. 8, [17] [18] [19] Depolarization abnormality is reflected in prolonged HV intervals, abnormal late potential and abnormal delayed potential in the epicardial region of the right ventricular outflow tract. 8, 16, [20] [21] [22] A widening of the S wave in the right precordial leads, reflecting an underlying right ventricular conduction delay, was frequently observed in symptomatic patients and might be an important indicator of increased risk. 23 However, rate-dependent changes in the conduction abnormality have not been fully elucidated. In the present study, the baseline values of either the S-wave width in V1 or the QRS duration in V5 did not differ between the symptomatic and asymptomatic groups. Moreover, neither rate-dependent changes in these variables. The reasons why the results of the present study differ from those of the previous study remains unclear. 23 
Bradycardia-Dependent Changes in the QT Interval
Although rate dependent changes in ST elevation were not significantly different between the symptomatic and asymptomatic groups, the bradycardia-dependent prolongation of the QT interval in leads V2 and V5 was significantly smaller in the symptomatic group than in the asymptomatic group in the present study. A recent study reported that positive ECG changes by flecainide challenge test were characterized by a greater QTc prolongation in the right precordial leads in comparison with the negative ECGs, whereas there was no difference in the QTc prolongation in the left precordial leads. 24 However, in that study, the difference between the positive and negative groups in the QTc interval in the right precordial leads before flecainide administration was relatively small and the rate dependent changes in QTc were not evaluated. 24 Our recent study indicated that patients with idiopathic VF, including BS, had lower slopes of the QT-RR regression line and an impaired prolongation of the QT interval at longer RR intervals in the CM5 lead of the Holter ECG, compared with controls, a finding consistent with the present study. 10 One possible mechanism of the unique repolarization dynamics in BS is the greater contribution of Ito to the total outward current occurring at lower heart rates. 2, 4, 10 In the symptomatic group, the greater increase in Ito could attenuate the lengthening of the action potential duration at lower heart rates. 10 In an experimental study, a further accentuation of the Ito-mediated action potential notch at the right ventricular epicardium may be accompanied by prolongation of the epicardial action potential duration. Therefore, the direction of repolarization across the right ventricular wall and the transmural voltage gradients are reversed, thus leading to the development of a coved-type of ST segment elevation followed by a negative T wave. 2 These findings are consistent with the strict association found between lengthening of the QT interval and a typical coved-type ST elevation in the right precordial leads after flecainide administration. 24 In the present study, however, a smaller prolongation of the QT interval during bradycardia in the symptomatic group than in the asymptomatic group was demonstrated not only in lead V5 but also in lead V2. The results of our previous and present studies suggest that not only typical ST elevation but also a failure to prolong the QT interval at a lower heart rate could play an important role in the occurrence of VF in BS. 10 It is possible that these abnormal repolarization dynamics are a common underlying mechanism of lthe ethal arrhythmias in the recently reported short-QT syndrome and symptomatic BS. [25] [26] [27] A QT interval is the electrocardiographic expression of ventricular refractoriness, and a short QT interval could, therefore, be related to ventricular vulnerability to VF. [25] [26] [27] 
Relation Between Rate-Dependent Changes in ST Elevation and QT Interval
In patients with BS, not only the bradycardia-dependent augmentation of ST elevation, but also the inadequate prolongation of the QT interval (short QT interval) at longer RR intervals could be explained, at least in part, by a slow recovery from inactivation of the prominent Ito. 12 If so, there should be some relationship between the rate-depen-dent changes in ST elevation and those in the QT interval. The bradycardia-dependent increase in ST level had a weak inverse correlation with that in QT in the lead V2; however, the correlation did not reach the statistical significance.
Study Limitations
First, the number of study patients was small. Although the prevalence of BS is higher in Asian countries, [28] [29] [30] [31] [32] the prevalence of Brugada-type ECGs in Japan is only 0.14-1.22%. [29] [30] [31] [32] All patients in the present study were recruited from only 1 institute. Therefore, further prospective studies using a large number of patients are needed to validate the present findings. Second, changes in autonomic nervous activity during an EPS could affect the result. We performed neither pharmacologic autonomic blocking before the EPS nor evaluation of autonomic nervous activity during it. Third, not all patients in each group had a coved-type ST elevation with a concomitant negative T wave (type 1 ST elevation) in lead V2 under the baseline condition without class Ic drugs and this may have affected the results.
Conclusions
Although limited, the present study showed that a smaller prolongation of the QT interval during bradycardia was characteristic of patients with BS and VF. Besides the augmentation of ST elevation, these unique repolarization dynamics could relate to the occurrence of VF during the night in patients with BS.
